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Circuit provides cold-junction compensation 

Mark Maddox, Analog Devices, Wilmington, MA, and 
John Wynne, Analog Devices, Limerick^ Ireland 



THE ACCURACY OF Am' CIRCUIT or sys 
tern that uses a thermocouple to de 
termine the temperature of a 
process is limited by the accuracy 
5^ tiiic nK-tftad used to perfofm celct- 
iunctiofi compensation. In a riicrmocou- 
ple measurement, two wires of dissimilar 
metal join together at the "hot," or meas- 
urement, junction. The isothermal ter- 

vjdes a second "cold," or reference, 
junction. The potential across the ther- 
mocouple is proportional to the temper- 
ature difference between the two junc- 
tmm§. TImi&» lO' detcriaine the absolute 
temperature of the hot junction, you 
must also know the absolute temperature 
of the cold junction. Tables of thermo- 
couple voltage versus temperature use the 
»^.sumptiQ« thrt tkfr csM jxmetion ii 
maintained at O'C. A soniewhat imprac- 
tical way to use these tables is to place the 
cold junction into an ice bath. A more 
practical way is to measure the tempera- 
ture «rf tite cc^i jiHUctinn and then add an 
■equivalent voltage to the one deveJoped 
by the hot junction. You then find the 
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This circuit provides accurate cold-junction compensation in temperature-measurement systems. 



temperature of tlie hat jJAQC 
thermocouple tables. 

A key issue to address is how to ther- 
mally bond the RTDs (resistance-tem- 
perature detectors) to the terminal block, 
which is the cold junction. If the temper- 
ature along the terminal block Ss con- 
stant, you could use a single sensor, ther- 
mally bonded to the block. If a linear 
temperature gradient exists along th^ ter- 
minal block, you could use a sensor at 
both ends of the block. This method al- 
lows for interpolation of the temperature 
at various points along the block. If the 



temperattwe gradient is nonlinear, you 
can add an electrically isolated copper 
strip along the length of the block to min- 
imize the nonlinearity. In the extreme 
case, you coiild use a temperature sensor 
per therm®cou4jk pair with each sensor, 
thermally bonded to its respective junc- 
tion. 

The design in Figure 1 uses a multi- 
channel, kifh'Pesalutian ADC to meas- 
ure the thermooatiple voltage and the re- 
sistance of two RTDs at the cold junction. 
Using the data from the ADC, a micro- 
processor determines the temperature of 
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the cold junction, the amount of cold- 
junction compensation to apply, 
then, the temperature of the hot junction. 
Performing the cold-junction compen- 
sation in software allows users to use 
mixed thermocouple types and is both 
fletibteand universal. The AD7708 digi- 
tizes the signals from the thermocouple 
and from two three-wire RTD sensors, 
which measure the cold-junction tem- 
perature at both ends of the terminal 
bfock. The terminal block is local, so you 
can ignore the wiring resistance between 
the ADC and the RTDs. It is easier to ob- 
tain precision resistors and voltage refer- 
ences than precision current sources, so 
the RTDs and ths 4700 precision resis- 
tor, Rp,;^^, connect in series, and all obtain 
excitation from the same current source, 
l^^^. The voltage generated across Rpi^^^ 
determines the exact value of the excita- 
fiofi cirrrent. Hence, the current source 
need not be particularly stable over tem- 
perature. Rypp offsets input pair AIN7/- 
AIN8 by more than 100 mV from 
ground. R^^^ is also a 470fi resistor but 
need not be a precision resistor. The 
ADR42rs 2.5V precision voltage refer- 
ence directly drives the REFIN 1 ( + )/REF- 
INl(-) inputs. 

With set to 300 [lA and the inter- 
nal programmable-gain arnpHfier set to 
the 40-mV full-scale range, the ADC pro- 
duces usable resolution of 2.4 |jlV. With 
lOOQ RTDs, it accurately resolves a 
0.02°C temperature differential between 
the two ends of the terminal mock mi 
has an absolute accuracy of ±0.0 1°C for 
either measurement. The differential 
analog input pair, AINI/AIN2, of the 
AD7708 reads an input voltage equal to 
Ij^-{ftTT) l),whetrRTt3 1 re^scflts the 
resistance of the first RTD element. A sec- 



ond differential input pair, AIN5/AIN6, 
t««<itaB iftfrtrf'TCi'tegr equal to l^^^.{kTD 
2), where RTD 2 represents the resistance 
of the second RTD element. One source 
of error pertains to the RTDs themselves. 
The most common type is the 100(1 plat- 
inum RTD with a resistance-temperature 
coefficient of 0,00385O/ny°C. It is avail- 
able in accuracy-tolerance classes A and 
B (or DIN A and DIN B), which specify 
both the initial accuracy at 0°C and the 
inteFchangeabiiity over the operating 
range. The Class A specification is 
±(0.15±0.002|t|),wheretis the specified 
interchangeability temperature; the Class 
B specification is ±{0.3±0.005[t|). 

It is possible to buy two Class A, lOOH 
platinum RTDs from the same manufac- 
turer and find that one is reading 0.2°C 
high at 25°C and the other is reading 
0.2°C low at 25°C. Thus, you have an ap- 
parent 0.4''C difference before you even 
commission t. One way to combat this 
initial error is to request a matched pair 
of RTDs from the manufacturer. Leading 
RTD manufacturer Heraeus Senior 
(www.4hed.com) makes a\irilabfe FRTDs 
(platinum RTDs) that Heraeus sorts into 
tolerance groups with maximum At 
= ±0.05°C over to 100°C. A lower cost 
solution and one that uses off-the-shelf 
RTDs is to use the offset and gain regis- 
ters on the AD7708 ADC to calibrate each 
of the RTD errors. Noise pickup may be 
an issue if the hot junction of the ther- 
mocouple is a long distance from the 
measurement electronics. The very-high- 
input-impedance buffer inside the 
AD7708 allows the addition of lowpass 
filters R,-C| and R,-C^ to the AIN3/AIN4 
inputs to attenuate high-frequency-noise 
pickup in the ^viring. 

A single-ended analog-input channel. 



AIN9, and three burnout resistors, R^^ 
through Rjjj, provide both thcnnocouple 
open-circuit, or burnout, and short-cir- 
cuit-detection functions by forcing the dc 
bias levels of A1N3/AIN4 away from their 
normal operating levels of approximate- 
ly 2.5V. A thermocoijple short-circuit 
fault condition from either Metal A or 
Metal B to ground pulls the voltage across 
Rj^jto OV. A thermocouple open-circuit 
fault condition on either Metal A or Met- 
al B causes the voltage across R^^ to move 
to 1.66V. You can program either of these 
voltage levels (converted by AIN9) to 
raise an alarm signal. 

A more difficult fault condition to de- 
tect '» the conS^xm in whreh t'nr tvm 
thermocouple wires short only to each 
other. In this case, a new thermocouple 
junction forms at the location of the 
short circuit, and the junction behaves 
Ilk* a normal rhermocouple. Th* only 
way to detect this fault condition is to 
implement a rate-of-change alarm in 
software. If the two wires short together 
at the exit of the thermo-well, the new 
theftnocouple junction may well ftfperi- 
ence much the same temperature that 
the original thermocouple junction ex- 
perienced. This fault condition is diffi- 
cult to spot. However, if the short circuit 
occurs a longdistance from the origimi 
thermocouple junction, then this new 
junction may be at a different tempera- 
ture from that of the original junction 
and produces a rate of change that chan- 
nel does no! lidrmaLly iee. You catj wit 
this abnormal dung*; to flag an «knn 
condition. 



Is this the best Design Idea in tim 
issue? Select at w\s'w.edn.com. 



Solve low-frequency-cutoff problems 
in capacitive sensors 

Julius F-oiti Cmch Technical Universityy Prague? Czech Republic 



ONE OF THE FIRST PROBLEMS a Ca- 
pacitive-sensor analog designer 
must face is the low-frequency cut- 
ofi. Theoretically, you must fulfill just one 
Mmpk reqaifement; a saffkicntly tergs 



input resistance of the preamplifier's first 
stage. In practice, however, many prob- 
lems lurk behind the seemingly straight- 
forward design rules. First, the preampli- 



operating point. Using field-effect de- 
vices renders the dc input current of the 
first active device (a JFET or a MOSFET) 
so low that you can neglect it in most cas- 
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have some dc-path-creating resistor to 
present the required dc potential to the 
input electrode. Assuming that a typical 
miniature capacitive sensor, such as a 
high-quality capacitive microphone, has 
a small capacitance of 20 to 50 pF, for ex- 
ample, the resistor vtiltie to oh- ) p. ^ 
tain a cutoff frequency as high as * 
50 Hz would be on the order of 10* to 
1 O^fi. Resistors with such high values are 
difficult to find in SMD formats, are ex- 
pensi\'e, have poor accuracy and stabili- 
ty, and are large and noisy. Moreover, fur- 
ther difficulties appear when the 
capacitive sensor requires an external po- 
larization voltage. Such a polarization 
voltage may have a vdne of lOOV or 
more. This voltage must connect to the 
sensor via a separate circuit, and it some- 
times creates problems if the need to have 
at least one side of the sensor j ~ 

gmtind-ed' emerges. And, as in all I 

similar cases, the preamplifier should be 
as close to the sensor as possible. It should 
consume minimal space, need few con- 
necting leads, and produce as little heat 
as possible. The circuit in Figure 1 rep- 
resents one possible .^jpKJifiil tom«ltt^ 
these challenges. 

The circuit uses electronic multiplica- 
tion of the gate resistor, Rj, value via pos- 
itive fifedback through tire sourec-fol- 
lower action of )FET Q^. The multi- 
plication factor is ct =g|-^R,. (Note: g^^ is the 
real part of the differential forward trans- 
fer admittance in common-source con- 
riectk»ii.5''A«lttnrii*f ft typical valxif of 
C| = 33 pF, reasonable values of j " 
R, = 10 Mil and R,= 10 and ', _ * 
assuniing a conservative value of gj.__=5 




The JFET in thi$ circuit effectiveTy wmMpHes fli« 
value of R,. 




The second JFET, Itr tbis tJrcuit rqisc^ 



niA/V (typical in the JFET type BF245B 
at Vi^"OV and V ,= 15V), you obtain 



the 



-freqaierKfy cutaffr 




1 



WHh this method, notwithstanding 
the extremely small sensor capacitance 
and conservative values of all other com- 
ponents, you obtain a respectable cutoff 
frequency. At the same time, to get the re- 
quired high polarizing voltage to the sen- 
sor while keeping one side connected di- 
rectly to ground, you can use a supply 



voltawe V =V -fV 



-=1I5V, 



PCTARIZINf 

^^''i^^re and is the 

JPETs dfairt currefit »t the i«lected V^, 



An operational amplifier provides yet another 
means to a(U^ ti'^ Im^i^tsR for capiacitive 
seizors. 

and Vj^,j=0. Thus, you provide a polariz- 
ing voltage of lOOV to the sensor. Other 
advantages of the circuit are obvious at 
the first glance: Only two elements of the 
circuit, Rj and Q^, must be connected di- 
rectly at the sensor's location. Both these 
components are readily available, and 
they are physically small (usually consid- 
erably smaller than the sensor itself), so 
they pose no space problems. The heat 
the JFET produces — 150 mW— is low 
enough to be negligible in most applica- 
twa?- Th^ circuit needs only thrte wires 



for connection, and one of them can also 
serve as cable shielding. ITie connecting 
cable can be quite long; its maximum 
length is limited primarily by its capaci- 
tance, which determines the upper cutoff 
frequency. In most applications, the up- 
per xxttaff frequencyof %ht sensor itself is 
low enough to permit a rather long cable. 
The only minor disadvantage of the cir- 
cuit lies in its total power consumption, 
mostly dissipated in R, ( IW in this case). 

In cases not requiring a high paltrii- 
ing voltage, the value of R, might become 
too small to obtain a sufficiently large 
multiplication factor, a:. Then, another 
JFET, Q^, can replace R, (Figure 2). This 
JFET has rts gate shorted to its sotufce ami 
operates as a constant-current source. 
You can calculate the multiplication 
factor a from the same formula as for 
Figure 1, with the R, value replaced by 



the value of R„ 



You must 



lower the overall supply voltage, V^^j^, ac- 
cordingly to provide the same operating 
point for Q,. The processing stage, the 
amplifying stage, or both immediately 
following the preamplifier should not 
have too small a differential input resist- 
ance; this resistance appears in parallel 
with R^ or Q^, so it reduces the multipli- 
cation factor, a. A noninverting input of 
an operational amplifier easily tsf^sfks 
this requirement. 

Choosing a less common but still rea- 
sonable value of R| = 1 00 Mil pushes the 
low-frequency cutoff below 1 Hz with no 
Other chartgeS ih the circuit necessary. 
The dynamic range of the preamplifier is 
respectable. The maximum permissible 
positive swing of the input voltage is 
equal to the forward threshold voltage of 
Qi's gate-insulating pn junction multi- 
plied by the same multiplication factor, 
a, as the input resistance. In the circuit 
of Figure 1, with the cited component 
values, at a 300K temperature and 
V^-,^., = 1 1 5V, the permissible swing exceeds 
5V peak. The JFET alone determines the 
noise figure; hence, it is rather low. The 
maximum permissible negative swing of 
the input voltage is usually much larger. 
A {leeond possible solution of the Irw-fre- 
quency-cutoff problem in capacitive-sen- 
sor analog preamplifiers appears in the 
case of electret-biased sensors. These sen- 
sors need no external polarizing voltage, 
Khtit i^iHplifying tht mtrdi power-sup- 
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ply design. In these cases, you can achieve 
an even larger multiplication factor of 
the biasing re&istance by applying unity 
posJrrve voltage feedback in an opefa- 
tional amplifier (Figure 3). 

To obtain a full unity positive voltage 
feedback in the circuit, the value of Rj 
should be zero. A nmtor complication 
exists, ho\vever.1fb pre\''ent dc instability 
(bistable flip-flop behavior), a dc path in 
the positive- feedback circuit must not 
exist. C, is the dc-blocking device. Un- 
fortunately, introduces another pole 
in the transfer function of the circuit. To 
render its effects negligible, would 
need an uncomfortably large value. As 
long as you are prepared to sacrifice a bit 
of the otherwise extremely large R,-val- 
ue rmikiplication factor, a (theoretically 
equal to the open-loop voltage gain of 
the operational amplifier, or 105, typi- 
cally), you can use a C, value several or- 
ders of m.agnitude smaller under the 
condition that doing so introduces some 
additional damping into the circuit by 
means of a nonzero value of R^. R^ is nec- 



essary to provide a correct dc potential 
(quiescent operating-point conditions) 
for the noninverting input of the opera- 
tional amplifier. 

A detailed analysis of the circuit in 
terms of stability and its response to har- 
monic and step-signal drive is rather 
lengthy. You can base the analysis on the 
rules of general active-filter theory, or 
you can simulate the circuit behavior 
with any of the common simulation 
tools, such as Spice. By an inteiligent 
choice of passive-compojjfint values, you 
can easily control the circuit's behavior 
in terms of low-frequency cutoff. Thus, 
you can obtain a maximally flat fre- 
quency response or a maximally flat 
transient response or set a predeter- 
mined amount of overshoot in the re- 
sponse to a step input, for example. The 
operational amplifier must have quies- 
cent dc currents of both inputs as low as 
possible. CMOS op amps are best in this 
respect. The circuit of Figure 3 requires 
a somewhat larger space for components 
in the immediate vicinity of the sensor, 



as well as four instead of three connect- 
ing leads. On the other hand, it is less 
sensitive to external loads than are the 
circuits in figures I of 2. 

The op amp in Figure 3 is a TS271, 
a CMOS op amp from STMicroelec- 
tronics (vvrww.stmicroelectronics.com). 
The low-frequency cutoff is at 7 Hz, and 
the step-response overshoot ts 0%. With 
larger values of C-, and smaller values of 
Rj,you can easily achieve a low-frequen- 
cy cutoff of 0,1 Hz or lower. The circuit 
in Figure 3 is well-suited for micropow- 
er applications, Using a micropower 
CMOS operational amplifier, you can re- 
liably obtain 10 years of unattended op- 
eration with standard passive compo- 
iwnts and just a single coin-sized lithium 
cell as the power source. The properties 
of the operational aznplifier fully deter- 
mine the high frequency cutoff and dy- 
uamk range of fte circulf m i%ufe 5. 

Is this the best Design Idea in #df 
issue? Select at www.edn.com. 



Noninverting op-amp circuit lias simple gain formula 

Jose CarrascQ and Au$im Garrigos, Universidad Miguel Herndnd&^ Elche, Spain 



BASIC TEXTBOOKS DESCRIBE invert- 
ing and noninverting amplifiers 
based on operational am- 
plifiers. These amplifiers have '^'^ 
different gain equations. Whereas in the 
inverting configuration, the gain is the ra- 
tio of the feedback and input resistanc- 
es, in thenofllnverting amplifier, the gain 
ratio has an added term. In some designs 
and for the sake of simplicity, it would be 
desirabk to-liB"W a simple, proportional 
gain ratio (for gains above and below 
iiniry) for both inverting and noninvert- 
ing amplifiers. The noninverting ampli- 
fier in Figure 1 has a simple, proportion- 
al formula for the gain: "^q^j^" 
V^^{K^/1K.^). This gain is proportional to 
a resistor ratio and can take any %'alue. 
has no influence on the gain. If you need 
a noninverting amplifier with a gain ra- 
tio idectic^ to rint of xb. ismrtrngtm- 




Tbi$ noiii0¥6rting ampiiSei' Ttas s slnp^ pea>- 

plifier, fhe circuit in Figure 2 fills the bill. 
Its close-approximation gain formula is 

However, in the circuit of Figure 2, 
some restrictions in the choice of Rj arise. 
The accuracy of the gain formula of the 
circuit depends on R^'s being much low- 
er in value than R^ or R^. Nevertheless, 
comparing the exact expression for the 
gain and the above approximation proves 



tiai KAnbtverting amplifier has a gain fonnuta 
U^BlUBi to i«t«i m mmUt^na^^mt 

or Rj, whichever is smaller, and the gain 
error the approximation gives is les,s than 
5%. For an exact computation, the error 
is equal to R,j/2X( 1/R, - 1/R_,). For the se- 
lection of R^, you should take into ac- 
count the&lStiliati»6St op-^imp ICs have 
maximum oatputaifreats ©f apffcsti- 
mately 20 m A. 

Is this the best Design Idea in this 
ihWltf-^^Wt «t wvm.edn.ixm. 
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ControUar IC and one-sboi 
form resonant controller 

C Rajan, Centre for Advanced Technology, Indore, India 



RESONANT POWER SUPPLIES are pop 
iilar because of high effi- 
ciency, low noise, and com- 
pactnsss. You can implement a resonant 
buck or boost converter using a single 
switch. The regulation of the output in 
s%j<:h si eofiverter derives from using a 
constant on or oif tlHie and a variable fre- 
quency. The UCI864 controller IC (Texas 
Instruments, www.ti.com) meets all the 
requirements for a single-switch qua- 
sircsonant converter. But you also can 
ichieve this performance with the inex- 
pensive nnd popular UC3842 current- 
mode controller in conjunction with a 
one-shot multivibrator. This circuit gives 
the desired current-mode operation 
along with constant off-time, variable- 
frequency operation. Figure 1 shows the 
controller circuit, configured as a reso- 
nant flyback converter for high-voltage 
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generation. For the implenjentation of 
thi.s function, the current-mode con- 
troller should have 100% duty cycfe; thusj 

you can use the UC3842 or 3843. ! 
This circuit uses the 3842. The - - 
Operation of the circuit is as follows. 

The <jutput of IC,, the UC3842, i^ in 4 
high state until the internal currwit-sensc 
comparator goes high, and then the out- 
put of the IC switches low. As the output 
voltage goes low, IC-,, the negative-edge- 
triggered one-shot CD4098B, triggers, 
and it generates a pulse. The pulse dura- 
tion is a function of the values of R- and 
C,, and this time interval is the constant 
off-iime of the UC3842. The Q output of 
the one- shot sinks the base citrrenJ uf 
transistor Qj during this period, and so 
the transistor conducts. This action adds 
a 5V pulse to the ramp at the RT/CT pin 
(Pin 4). This voltage remains at 5V until 
the pulse ends and Q gpes high. As it goes 
high, Q| turns off, but the voltage acfoss 
CT is 5V, which is higher than the upper 
threshold of the RT/CT pin, so the inter- 
nt! circuitry pulls the pin's voltage to 
zms,. and a tiesh ramp and a fresh cycle 
itart. 

Yay mmt Bcfact KT m^i CT tn sach g 
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way that the output voltage goes low be- 
fore the ramp voltage reaches its upper- 
threshold level. If not, a glitch can occur 
in tJie output, arising from the time con- 
stant consisting of the output resistance 
of and CT. Figure 2 shorn the voltage 
waveforms at low and high duty cycles. 
Traces D and C show the output and 
RT/CT-pin voltages, respectively, at a low' 
duty cycle and, hence, high frequency. 
Traces B and A show the &mit wltf ges, 
bulat a higher duty cyde (low frequ-en- 



cy). You can see that the off-time is fixed 
in both conditions, and only the fre- 
quency changes to achieve the desired 
duty cycle. The voltage at the RT/CT pin 
gives a clear view of how the circuit mod- 
ifies the ramp. This control circuit gen- 
erates a 2-kV, 5-mA dc power supply us- 
ing a resonant flyback scheme, and it 

Is this the best Design Idea ia tbia 
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Circuit folds t>acl^ eur rent 




You CAN DSK monolithic linear regu- 
lators at currents lower than 5A for 
most applications. Most manufac- 
turers of these devices integrate current- 
limiting and therniat shutdown to pre- 
vent damage dufing fault 
conditions. For currents greater 
than 5A, most linear supplies use con- 
kroHers that allow the user to select the 
paijs element to handle different current 
requirements. Although these linear con- 
trollers may offer current limiting, they 
generally don't support thermal shut- 
down. This limitation requires the design 
tQ handle the maxiiaBiTi power dissipa- 
tion and maintain an acceptable junction 
temperature in the pass element. For ex- 
ample, assume that you use a 1.8V, 8A lin- 
ear supply operating from a 2.5V rail. The 
power dissipation in the pass element 
equals { V,^,- V„^,, ) X I^^,. = (2.5V~ 1 .8V) 
X8A=5.6W. Over the specified temper- 
ature range, the pass element must be 
able to dissipate this amaOTit of power 
and have a junction tertip«Jfature lower 
than the maximum allowable for that de- 
vice. This approach probably requires 
three to four D-Pack-size MOSFETS. A 



big problem arises when you examine 
power dissipation in a sustained short 
circuit. Then, the pass element must ac- 



Figure 1 ] 



fel^ah-e Tft £)-feck-sr7:c MOSFETs to 
maintain an acceptable junction temper- 
ature. Thus, you must overdesign the 
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The circuit in Figure 1 cycles current in the event of a fault condition. 
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survive a possible fault condition. The 
circuit in Figure 1 solves the problem of 
current-limit power dissipation. 

The circuit uses a separate control loop 
that "folds back" the currents cKifing a 
fault condition without involving the 
problems of linear-foldback current lim- 
iting. Linear foldback can have problems 
tripping the current limit during start-up 
an3 returning to ftiH load after a fault 
condition disappears. These problems 
tend to lock up the regulator in current- 
limited state. ICj provides a high-side ref- 
erence below the supply voltage and 
places this voltage on the inverting pin of 
comparator IC,. The comparator com- 
pares this reference signal with the MOS- 
PfcXside of Rj. When the current exceeds 
Aq current-limit threshold, IC,'s invert- 
ing-input voltage is greater than that of 
the noninverting input. This state caus- 
es the comparator to pull the current- 
terWe pin. on IC, lew.Y&u can calcuiate 



tl^f curiwvt4in3it direshoid as follows-. 



CURRENT Uivirr = 



2.5-4 



1.225 X- 



90.9+1000 



CX>kRliNT LiIvtlT*[fl.207A. 

When the current-sense pin drops 50 
mV below the input, the regulator turns 
the output off. This action then causes 
the current to go to zero, creating a high 
condition on the output of the Com- 
parator. The comparator has an open col- 
lector; therefore, the I^^^.j;: pin charges at 
the RC charge rate of R^^ and C,. The out- 
put of the regulator remains off, draw- 
ing no current, until the 1^^ ^^.j,, pin charges 
to 50 mV below V^^. At this point, the 
output turns on. R_and C, provide a de- 
Isf brfore re-«iigaging the curcent limit. 



This delay prevents the current required 
for charging the output capacitors from 
prematurely tripping the current limit. It 
also gives the circuit time to stabilize and 
to determine whether it can deliver the 
output current that the load demands. If 
the load is still too heavy, the current lim- 
it re-engages. Figure 2 is an oscilloscope 
photo of this circuit in operation. This 
cycling of current, although periodically 
delivering maximum current, integrates 
over time into a lower average current. 
You can calculate average current as a 
ratio of on- to off-time: I„.,, = 1„,,X 
(Tg^,/T^^P,,,) = 10.2AX(2msec/l 7msec) = 
1.2A. This reduced average current 
equates to a reduction in power dissipa- 
tion. At 1.2 A, the power dis&patioft de- 
creases to 3W. 
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